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The main objective of this research was to examine uses for distillers dried grains
with solubles (DDGS), a coproduct of ethanol production plant, in the fiber-reinforced
plastic composites industry. Initially the effort intended to take advantage of the DDGS
components, using chemical reactions, to produce coupling agents to improve the
physical properties of the composite. Four different chemicals plus water were used to
convert proteins into soluble amino acids. The results were not as expected, and appeared
to show an early pyrolysis of DDGS components. This may be due to regeneration of
proteins when pH of solutions is neutralized. Procedures were then investigated to utilize
DDGS for different markets. Considering that oils and proteins of DDGS can thermally
decompose, it seemed important to separate the major components and work with DDGS
fiber alone. A procedure to extract oil from DDGS using ethanol and then to hydrolyze
proteins with ethanol diluted with water, acid and sodium sulfite, was developed. The
resulting DDGS fiber or residual material, with a low content of oil and proteins, was
used as filler in a propylene matrix with a lubricant and coupling agent to make natural
fiber plastic composites (NFPC). Composites containing wood flour (WPC) were
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prepared simultaneously with those of DDGS fiber to compare tensile properties and
fracture surfaces of the specimens by scanning electron microscope (SEM). This study
demonstrates that DDGS fiber can replace wood fiber as a filler in NFPC.
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CHAPTER I
INTRODUCTION
1.1

Wood plastic composites (WPC)
Plastic composites were historically made of matrix and a solid inorganic

material. Recently, wood fiber has been incorporated. Also, natural fiber plastic
composites (NFPC) can be manufactured. This research is about NFPCs or WPCs that
include with solid distillers dried grains and solubles (DDGS), which is a co product of
ethanol production based on the dry grind corn process.
Composites were first made using inorganic materials as calcium carbonate, talc,
fiber glass, etc. Many composites are now made with wood as a filler or fiber material
and are thus called WPC. The increased production of ethanol using dry grind ethanol
processing has increased the production of DDGS. Today, the market of DDGS is mainly
confined to animal feed, a low value by-product. If a higher-value uses for DDGS can be
developed the ethanol industry and the producers of corn, would benefit. The purpose of
this research was to determine if DDGS can be used to replace wood flour or fiber in the
production of wood plastic composites (WPC).
1.1.1

History
Composites production was perhaps initiated around 1500 BC, when Egyptians

and Mesopotamians used a mix of straw and clay to make bricks and create strong
buildings. In 1200 AD, the Mongols invented the composite bow made of wood, bones
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and “an animal glue” binder which was then wrapped with birch bark. With these
superior bows, Genghis Khan obtained military dominance (Anonymous 2012).
The era of plastics began in the early 1900’s when vinyl, polystyrene, phenolic
and polyester polymers were developed. Reinforced plastics introduced by Owens
Corning in 1935 provided composites with recognized strength and rigidity. The fiber
glass used provided a strong structure and light weight. Nature also produces composites.
Wood is a natural composite of cellulose fibers in a matrix of lignin. Other natural
composites include mollusk shells, teeth, bones, etc.
A wood plastic composite (WPC) refers to any thermoset or thermoplastic matrix
that contains wood fibers or particles along with a plastic binder. WPC were first
developed in WWII for aerospace and naval applications (ACMA 2012). Composites
produced in America for automobiles started in 1983 (Clemons 2002). In the early 90’s,
deck boards were produced with 50 percent wood fiber and 50 percent polyethylene. In
1993, Anderson Corporation initiated production of PVC-wood fiber composites for
windows (Clemons 2002). Furthermore, wood or organic fiber composites began
commercialization as pellets in 1996 (Clemons 2002). The pellet compound was
purchased directly at the appropriate quality and composition of matrix and fiber and
used directly for injection molding or sheet molding (Clemons 2002).
The first Composite International Conference was held in Madison, Wisconsin in
1991. The following year, Progress in Wood Fiber-Plastic composites Conference begun
in Toronto, Ontario. As composites production increases, manufacturers and researches
appear to have an increasing interest in the above conferences.

2

1.1.2

WPC market.
WPCs are a relative new material, as mentioned above. In 2001, the US market

comprised 3,200 metric tons (Clemons 2002) and it was predicted that it would double by
2005. Production of WPC was enhanced due to unfavorable publicity of chromate copper
arsenate (CCA) treated wood (Anonymous 2004). The BBC Research-Market
Forecasting 2011, report that in the year 2010 the global market reached 2.3 million
metric tons and expects an annual growth of 13.8 percent between 2011 and 2016,
increasing to 4.6 million metric tons in 2016 (Anonymous 2011).
1.1.3

Operations to produce WPC
WPCs are normally processed in two steps: Mixing the raw materials to obtain the

compound, and then molding the material to the desired shape. The additives and fillers
are first dispersed in a mixer with the polymer. Then this compound material can be
melted in an extruder and formed at pressure in a die as a plate, pipe, profile or treads.
Treads can be pelletized and used later as raw material for injection or sheet molding.
There are a variety of types of extruders. One type has a single screw and other types
have twin-screws which rotate in either the same or in a counter direction. They can be
used in tandem with one for compounding and the other to form profiles or together to
form multilayer composites (Rowell 2006). Recommendations are for twin screws when
composites include fiber.
1.1.4

Additives used in WPC
To achieve better performances and a more aesthetically pleasing wood

appearance, WPCs use additives. The additives modify lignocellulosic properties to be
more consistent, predictable, reproducible, continuous and uniform than in solid wood
3

(Rowell et al. 1993). They include lubricants that improve surface appearance and
increase processing rate, antioxidants that minimize the oxidative degradation, light
attenuates that minimize UV deterioration in outdoor exposition, biocides that protect
against mold and fungi, and coupling agents. Polymers along with the additive mix is
called the matrix.
1.1.5

Coupling agents
The blend of hydrophobic polymeric matrix (non-polar) and hydrophilic wood

fiber (polar) often have poor adhesion and the interface is weak and fails to transfer stress
between the two phases when a load is applied (Klysov 2007). Coupling agents act as
bridges that promote compatibility and form stable and robust bonds between those
incompatible materials, in this case, to link wood fibers with thermoplastic polymers.
More than forty coupling agents are in current commercial use and different
mechanisms as bonding agents, compatibilizers and dispersing agents as explained by Lu
(2003). Compatibilizers and dispersing agents called surfactants do not form strong
adhesion as in the case of bonding agents. Bonding agents comprise covalent bonding,
entanglement of polymer chain and hydrogen bonding.
The matrix that includes lubricant and polypropylene was blended with the
coupling agent “maleic anhydride grafted polypropylene (MMgPP)” as this material was
investigated and reported on by Behzad Kord in his “Influence of Maleic Anhydride on
the Flexural, Tensile and Impact Characteristics of Sawdust Flour Reinforced
Polypropylene Composite” (Kord 2011).
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1.1.6

Fillers in WPC
Most of the filler currently in use are inorganic or synthetic as glass fiber, talc, or

calcium carbonate. However, biorenewable or natural fibers are also used and these
mainly come from pine, cedar, oak or other wood-based flours. Lignocellulosic fibers are
natural biopolymer composites made of cellulose, hemicelluloses and lignin. Further
research prompting the use of biorenewable fibers other than wood, for instance, big blue
stem grass, wheat straw, etc. may lead to use new sources of agricultural fiber. The use of
co-products such as soy bean hulls from soy bean processing plants, rice hulls from rice
processing plants (Wu et al. 2009), sugar cane bagasse fiber from sugar refineries,
sunflower seed hulls from oil extraction plant (Rowell et al. 1993), Olive husk (Siracusa
et al. 2002) and DDGS from ethanol processing plants (Julson et al. 2003), will increase
the WPC production due to their biorenewability, availability, and low prices.
1.1.7

DDGS
Distilleers dried grains with solubles (DDGS) is a co-product of the corn based

ethanol process. The US production has reached 40 MM tons in April, 2010
(Anonymous, RFA 2010). DDGS is commonly sold as animal feed at low prices. In order
to enhance profitability of the ethanol plants, it is favorable to seek new markets for
DDGS.
1.2
1.2.1

DDGS production
Energy Independence and Security Act.
The Energy Independence and Security Act of 2007 (EISA) throughout the U.S.

Renewable Fuels Standard (RFS2), decreed the necessity of 36 billion gallons (bgal.) of
biofuel production for 2022 in order to replace the highly contaminant fossil fuel. This
5

production is split in 15 bgal. for ethanol and 21 bgal. for biofuel (Anonymous 2010). By
year 2009 US produced 10.75 bgal. of ethanol. The Renewable Fuel Association (RFA)
announces in April, 27, 2010 that there are 201 ethanol facilities with capacity to produce
13.5 bgal. and several facilities under construction and these may add another 1.2 bg.
Thus the US may soon have the installed capacity to produce the 15 b of ethanol allowed
by RFS2 for 2022.
1.2.2

Blending ethanol with gasoline (E10)
The mandate to produce 15 bgal./year of ethanol has the potential to replace 10%

(E10) of annual gasoline consumption which was 140 bgal./year in 2007. In USA the
10% of ethanol in gasoline does not appear to affect automobile function. It appears that
the ethanol content can increase to 15 % (E15) without major problems in terms of the
automobiles manufacturer’s warranty (Christiansen 2009). To increase the dosage to
more than 15 % is required to adopt the Flex fuel system in the automobiles. Under an
E15 ethanol fuel blend scenario, the potential market for DDGS use is closer to being
saturated, and may be more vulnerable to local/regional oversupply and saturation
problems near DDGS production centers (O’Brien and Wisner 2010). Moving to E15 in
the whole USA territory, the ethanol production will be increased by 50% or to 22.5
bgal./year.
The production of one gallon of ethanol yields 5.7 lb. of DDGS and the
production of 22.5 bgal./year ethanol (E15) will yield 64.125 million tons of DDGS.
Land in the US territory is readily available to increase production of corn (USDA 2010).
DDGS is a relatively low valued co-product of the ethanol industry due to its
rapid and high increased offer in the market, and it is a consequence of the growing
6

ethanol production and the success and popularity of corn dry-grind process (Singh et al.
2001) (Anonymous 2010) (Wisner 2010). DDGS is marketed currently as animal feed at
low prices (Christiansen 2009). The ethanol industry has the chance to generate and sell
value added co-products that could reduce operation costs, increase revenues and obtain
higher economic benefits for ethanol plants and community around them. New researches
and advanced technologies are available to convert DDGS normally destined to cow
farms or as fuel in boilers into industrially processed products. The effort to find market
for DDGS and to improve profitability has led to propose many procedures. The use of
DDGS as filler in WPC is one of them.
1.3

Objectives
The overall objectives of this research were to investigate the feasibility of using

DDGS as filler for wood polymer composites. DDGS is a co product of corn-to-ethanol
production. DDGS has a relatively high cellulosic fiber content. The resource of DDGS is
abundant, and the price is relatively low. Previous works showed that some DDGS
compounds, especially proteins, burn at temperatures that are required for polymer
melting and processing.
The first specific objective was to produce a filler made of DDGS by the
treatment of DDGS with various chemicals, acid, basic and organic dissolvent to obtain
cellulosic fibers with amino acids potentially acting as coupling agents. The resultant
corn fiber with coupling agents failed to work as a filler in polymer composites, as it is
shown in Chapter 2.
The second specific objective was to extract components that seem to cause
DDGS pyrolysis. The hypothesis that extraction of oil and proteins may avoid
7

degeneration of corn fiber at high temperatures was tested. Other secondary objectives
were to compare the tensile strength properties of corn fiber vs. wood fiber, and the
interfacial morphology and coupling agent distribution.
1.4

Organization of dissertation
This dissertation is divided into four chapters. Chapter one is an introduction to

WPC, DDGS production and its fate as filler. Chapter two is related to the chemical
treatment to convert the proteins in amino acids to act as coupling agents. Chapter three
investigates the properties of DDGS, extraction of oil and proteins and its utilization to
foment new markets for components. Chapter four discusses to use the residual
lignocellulosic material in plastic composites. That chapter also includes tensile strength
results, SEM analysis and conclusions.
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CHAPTER II
DDGS AS FILLER IN WPC
2.1

Introduction
The sole coproduct from ethanol production plants, distillers dried grains with

solubles (DDGS) has a great potential as a secondary income source. The main DDGS
market has been feeding ruminants, due to its high content of fiber, amino acids, and fat
(University of Minnesota, Department of Animal Science, 2006). DDGS has three fold
the feed energy value of corn, but the market price of DDGS is equivalent to 85 percent
that of corn price (Wisner 2010). Prices below the potential DDGS energy value are
detrimental for ethanol producers, and reduce the incentive to build new ethanol plants
(Core 2002).
2.1.1

Previous treatment of DDGS
Ethanol producers, US Department of Agriculture (USDA), and other researchers

are looking for novel utilizations of DDGS. Progress in this area has resulted in the use of
air aspiration to remove fibers from DDGS (Singh et al. 2002). One fraction was called
“aspirated DDGS” and the other which was not carried by aspiration, was called “residual
DDGS.” The results were not satisfactory in fiber removal from the original DDGS,
therefore only a slight enrichment of oil and proteins was observed. However, the
increased oil and protein content, and decreased fiber content in the residual DDGS, have
resulted in other potential marketable opportunities. To increase the amount of proteins
and fatty acids in DDGS, researchers developed a procedure called Elusieve. They
11

determined relevant physical properties and terminal velocities of fiber and non-fiber that
govern fiber separation from DDGS (Srinivasan and Sing 2008). They found that fiber
particles were relatively flat and non-fiber particles were not flat. Fibers were aspirated at
lower air velocities because they had lowered mass compared to non-fiber. The effective
separation of fiber is made by size fraction’s separation of DDGS in a sieve and blowing
air at specific velocities (Elutriation). This research continued and the combination of
sieving and air classification (Elusieve) was developed to obtain two valuable products:
Enhanced DDGS with higher content of proteins and fat, and thus a lower amount of
fiber that make DDGS more suitable for pigs and poultry diet; and DDGS with higher
content of fiber and low in proteins called Neutral Detergent Fiber (NDF) which is not
appropriate to feed to animals but is potentially acceptable as bio-fiber supply for
composites.
Although the high fiber content fraction from the Elusieve process reduces the
amount of protein, it is not completely separated. Through the studies to produce fiber
polymer composites using fiber from DDGS it was found that the required processing
temperature appears to burn or burnish the non-fiber fractions. As a result, the burned or
burnished fraction may increase the temperature in the composites and possibly burn
neighboring fiber thereby causing mechanical property deterioration.
2.1.2

Proteins as coupling agents
There are several possible mechanisms of protein breakdown: heat, ultraviolet

radiation, urea solution, agitation, organic solvents or strong acids or bases. Proteins are
degraded to amino acids by reaction with strong alkalis or acids. There are twenty amino
acids that can be linked together by amide bonds to form proteins. Chains with less than
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fifty amino acids are called polypeptides and larger chains are called proteins. The
number of possible combinations associated with forming different proteins from twenty
amino acids is enormous (McMurry 1992).
There are several reports about using soy proteins as bond agent in wood polymer
composites (Silva et al. 2006) (Brian 2008) (Vaz et al. 2002). Treatment of soy proteins
with sodium hydroxide (Kumar et al. 2002) unfolds the protein molecule and exposes the
polar and non polar groups, which interact with lignocellulosic hydroxys (OH) of wood
and with the non polar plastic to yield soybean proteins as a coupling agent.
2.2

Objectives
The first objective of this research was to evaluate corn fiber with coupling agents

when used as filler in polymer composites, and to compare that with DDGS used directly
as filler in polymer composites.
To reach the objective of this research, it was necessary to hydrolyze proteins
from DDGS and to potentially produce amino acids which have the capacity to work as a
binder or coupling agent in the formation of polymer composites. There were several
studies about characterization (Momany 2006), and procedures to convert proteins into
polymers and bio-plastics (Lawton 2002) (Lawton 2006) (Dickey et al. 1998) (Kim and
Xu 2008) (Parris and Dickey 2001) (Selling and Woods 2008). Xu et al ( 2007) reported
an acidic method to obtain proteins from DDGS in presence of a reducing agent
2.3

Materials and methods
By hydrolyzing the enhanced DDGS fiber with five different reactants it has been

shown that amino acids in solution are separated from corn fiber by filtration. Later, the
amino acids in solution can be precipitated by pH neutralization and separated by
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decantation. After drying in a hood and dissolving with water, the precipitate is mixed
with the corn fiber. The effect of each of the five reactants is obtained by chemical
analysis of the residual protein on each sample. The capacity of the regenerated proteins
to act as a coupling or bonding agent is evaluated in an applied manner by obtained by
testing the tensile strength.
DDGS was provided by Cackleberry Farms from Prairie, MS to the Agricultural
and Biological Engineering Department at Mississippi State University. The Elusieve
process was used in this department to obtain the enhanced DDGS fiber with four protein
contents: 22%, 17.1%, 16.2% and 15.6%. The DDGS fibers were then ground in Forest
Products using a Willey Mill (Model No. 2; Arthur H. Thomas Co., Philadelphia, PA).
Ground fibers were sieved to obtain particles with a size of 40 – 80 mesh. Chemical
treatment of the enhanced DDGS fiber was performed to convert the low protein residues
from Elutriation into amino acids that will work as a binder or coupling agent in the
polymer composite. Figure 2.1 shows the chemical treatment of DDGS with protein
content of 22%, 17.1%, 16.2% and 15.6% by five different methods: 1) acid (HCl 0.02
M), 2) alkaline (NaOH 0.5 M), 3) MCW mixture (MeOH:Chloroform:H2O in proportions
5:12:3 vol.), 4) water , and 5) acetic acid (CH3COOH 1 M). A sample control was used to
compare results. All reactants were supplied by Fisher Scientific and solutions were
prepared in the Forest Products Department using water nano-filtered in a Barnstead
instrument from Thermo Scientific.
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Figure 2.1

Chemical reactions to hydrolyze corn proteins

All treatments were conducted at 45 ºC for 3 to 24 hours. In each treatment, 30
grams of DDGS fibers were processed with 600 ml of the reactive agent. The proteins in
the five grounded DDGS samples were degraded into amino acids. The amino acids in
the solution were separated from the DDGS fibers by filtration. Then, the pH of the
solution was adjusted to normal or isoelectric point to form a precipitate. The amino acid
precipitate was separated by decantation process, dried in a hood with air circulation, and
then re-dissolved in water. The amino acid solution was added to the non-hydrolyzed
compound with high fiber content. Finally, the mixture is dried in a hood. Five grams of
each dried sample plus five grams of DDGS fiber control of each original protein level
were weigh, prepared, labeled, and sent to the lab for analysis. The remaining part of the
mixture was used as filler in the propylene composites (PP-DDGS). Polypropylene was
mixed with inclusions of 10, 20 and 30% by weight of DDGS treated. The compounds
were blended and molded in a laboratory mixing molder (LMM) Dinisco Instruments and
Athena, the temperature control company. Polypropylene (PP) was supplied by Exxon
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Mobil, Houston, Texas, and had a melting point of 160-165 ºC. Ten tensile samples were
prepared for each level and for each inclusion providing the following measures: (1.52
mm x 69.85 mm x 3.05 mm) for testing on an Instron 5500 machine in accordance with
the procedures described in ASTM D790 standards.
The chemical analysis was performed by the Department of Animal and Dairy
Science in the H. W. Essig Nutrition Laboratory Analysis at Mississippi State University
(MSU). Nitrogen in crude protein was measured in accordance with the Kjeldahl method
by digesting the sample with concentrate sulfuric acid at 370 - 400ºC. The pH was
adjusted with sodium hydroxide, forming ammonia. The ammonia is distilled and titrated
to obtain nitrogen (N). As a means of conversion the protein percentage is equal to the N
percentage multiplied by 6.25 (AOAC 1984).
2.4

Results and Discussion
The four types of DDGS with different original protein contents were abbreviated

to: Level 22%, Level 17.1%, Level 16.2% and Level 15.6% based on their original
protein contents before treatments. The protein contents of the DDGS after the treatments
are shown in Figure 2.2. For the Level 22%, a higher protein recovery was observed for
the DDGS with the MCW treatment, and lower protein content was obtained in the
DDGS treated with water. For the Level 17.1%, the protein contents were approximately
the same before and after the treatments, except for the NaOH treatment. Level 16.2%
showed the same pattern as that for Level 17.1%. For Level 15.6%, the protein contents
with NaOH treatment presented the highest reduction.
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Figure 2.2

Protein contents of the four types of DDGS (Levels) after chemical
treatments.

From all chemicals, NaOH treatment gave the biggest reduction in protein content
for the four DDGS types, with the exception of level 22% in water which showed the
lowest.
In the tensile strength (TS) analysis, by increasing the amount of treated DDGS
from 10 to 30% the TS diminishes. However, decreasing the original protein content of
DDGS, samples showed a tendency to increase TS, and composites made of DDGS
treated with acid or alkali gives the higher MPa (TS).
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Figure 2.3

Tensile strength of the DDGS-PP composites reinforced with the DDGS
level 22%

Figure 2.4

Tensile strength of the DDGS-PP composites reinforced with the DDGS
level 17.1%
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Figure 2.5

Tensile strength of the DDGS-PP composites reinforced with the DDGS
level 16.2%

Figure 2.6

Tensile strength of the DDGS-PP composites reinforced with the DDGS
level 15.6%
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Only in the HCl treatments for DDGS level 16.2% (Figure 2.5) and DDGS level
15.6%, (Figure 2.6), does the tensile strength of the composites show an equivalent value
compared to the neat PP. However, comparing the DDGS composites treated chemically
with the composites reinforced with non-treated DDGS, the composites reinforced with
the treated DDGS showed an enhanced tensile strength (Figures 2.3 to 2.6).
2.5

Summary and conclusions
NaOH has shown to be an effective reagent to reduce the protein content of

DDGS. No clear relationship was found between the DDGS protein contents after the
chemical treatment and the tensile strength of the composites. However, the results
showed that the chemical treatments improved the reinforcement capability of DDGS
compared to the no treated DDGS. The tensile strengths of the composites made from
the chemically treated DDGS were higher than that of the composites made from the nontreated DDGS.
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CHAPTER III
DDGS COMPOSITION AND EXTRACTION OF OIL AND PROTEINS
3.1

Introduction
Requirements for reformulated gasoline to reduce carbon monoxide and other

pollutants have expanded the demand for fuel ethanol. Corn processing for ethanol
production involves either wet milling or dry grinding. Wet mill is equipment extensive
and thus requires a high capital investment; however, wet milling generates a variety of
co-products (Figure 3.1).
The dry grind process is currently more popular and has a lower capital
investment than wet mill but has just one co-product: DDGS. Although this process
generates only one low-value co-product, it is an expensive process. Water evaporation
and drying operations consume about one third of ethanol plant total energy. Being the
only co-product, DDGS is important in the operational cost of an ethanol plant. While the
only fermentable material in the dry mill process is the starch, all the non fermentable
materials from corn, such as germ, protein, vitamins, minerals and fiber are carried
through the process and are present in the DDGS (Singh and Eckhoff 2001). Recovering
these components and marketing them would benefit ethanol plants.
Increasing the value of co-products involves two efforts: understanding and
controlling raw material properties and developing innovative markets for all outputs.
The DDGS from corn contains protein as well as vitamins and minerals which are
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potential food sources to animals. Diverting lipid, protein, vitamins, and fiber may
provide salable co-products.

Figure 3.1

Corn wet mill process (a)

(a) (Anonymous 2011)
The corn kernel is the raw material in a dry grind plant. Germinated embryo
(germ) contains all material necessary to form a new corn plant, including a variety of
enzymes and micronutrients needed for the growth of the germinating embryo.
Endosperm is the largest component of the kernel and contains primarily starch and
protein. It can be divided into two areas, hard and soft endosperm. The ratio of these two
types of endosperm is affected by hybrid and growing condition. Soft endosperm regions
are the easiest to mill and have higher concentrations of starch. The purpose of the
endosperm is to provide energy to the newly germinated embryo (germ). Pericarp
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functions to protect the kernel from mold and abrasion and often is referred to as the
“hull” or “bran” of the kernel. Pericarp consists of cellulose, hemicelluloses and lignin,
collectively referred to as “fiber” (Singh et al. 2001) (Figure 3.2).

Figure 3.2

The corn kernel

Ethanol production in USA was almost 15 bg/year in 2010. This level is the
amount recommended by EISA and RFS2 for the year 2022. Most of this went to 10%
(E10) of ethanol with gasoline. Some (E85) ethanol is available and can accommodate
engines which use Flex fuel. DDGS production will increase to 64,100,000 t/year (5.7 lb.
DDGS per gallon of ethanol) when ethanol production reaches 22.5 bgal./year.
Composition of corn changes by species, land, environment, care, weather, etc.
These variations change the amount of ethanol produced, the quality of co-products and,
thus, the revenue per bushel. On the other hand, buyers want a standard composition of
DDGS to prepare feed additives and they usually punish the DDGS price when the
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composition is different, especially in the amount of proteins and fiber. This is a
disadvantage when DDGS is sold as feed, because some plants over dry the DDGS to
diminish fat amount and increase protein percentage. Additionally, variations in the fossil
oil prices and possible changes in federal tax programs make ethanol a high risk business.
One way to stabilize this uncertainty is to improve co-product values.
The wet mill corn process typically yields corn oil, germ meal, gluten meal,
gluten feed, condensed fermented extractives, starch and/ or ethanol. Although the dry
grind corn process is less capital intensive than wet mill, the dry grind yields only one
low valued co-product. Revenues in wet-mill plants are enhanced by various co-products.
New design for dry-grind plants need to consider the diversification of DDGS
components to generate value-added co-products (Rajagopalan et al. 2005).
Processing the co-products after fermentation may improve ethanol production
operations. Some researchers, such as Kim et al (2008) increased ethanol production by
getting the entire stillage free of fermentable material in the dry grind facility. They
focused on ethanol production from cellulosic biomass (cellulose, starch and xylan)
rather than on the nutritional value for animals.
The main components from whole stillage and DDGS that can be separated and
processed are: fat, protein, fiber, and water. Carbon dioxide is produced during
fermentation; it can be released to the environment with some restrictions from EPA or
transformed to liquid phase for refreshment production and to solid phase CO2 .
A new design of ethanol plants that includes processing of co-products may be
more attractive for investors. For instance, the market for the ethanol production and coproducts as corn oil and zein already exist. This research evaluated the use of corn fiber
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as filler in the corn fiber-polymer compound production to replace traditional fillers as
wood and inorganic fiber, and to give more value to DDGS.
Value and price often mean the same thing. However, in the animal feed there are
other criteria. Considering the value of DDGS as a nutritional feed ingredient, the value
should also depend on energy content, digestible amino acids, and phosphorus. The price
is calculated however based on the price of corn and soybean, and the marketer can be
punished if the DDGS has less than minimum protein and fat content and/or more
moisture and fiber. Comparing DDGS with corn, the former has three times more amino
acids and proteins, yet DDGS has priced at 85% of corn price (Shurson 2012). Animal
growers thus appear to get excellent value for the price of DDGS. Further, there is not a
constant price for DDGS, and marketers using the current pricing mechanism are unable
to claim extra value, considering the variability from highest to lowest price for DDGS of
$176.00 to $90.00 per ton. Table 3.1 shows the DDGS average composition.
Table 3.1

Average composition of DDGS
Crude Protein
Natural Detergent Fiber
Crude Fat
Ash
Fiber

30.2 %
42.1 %
10.9 %
5.8 %
8.8 %

Kim et al 2008, Belyea et al 2004, B. Weiss et al 2007 and M. Spiehs et al 2002
3.2

Ethanol production process
The conventional dry grind ethanol process is designed to ferment as much of the

corn kernel as possible. In this process, whole corn is ground and then cooked with an
enzyme to reduce viscosity. The starch in the cooked “mash” is converted to glucose with
enzymes. The mash is fermented and distilled to produce ethanol, distillers dried grains
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with solubles (DDGS) and carbon dioxide. The liquid removed by centrifuging is
partially dried by water evaporation and becomes condensed distillers solubles.
Condensed solubles are a good source of protein, energy, and vitamins but have the
consistency of molasses. Most distilleries add the condensed soluble back to the wet
distillers grains making wet distillers grains with soluble (WDGS). The wet products are
then sold as-is or are dried to produce DDGS. The schematic corn dry grind process is
shown in Figure 3.3, which starts with corn and ends with ethanol DDGS. Before the
process is complete, distilled wet grains and the condensed distillers soluble might be
separated and sold for animal feed.

Corn Dry-milling process overview

Corn
Corn Cleaning

Alfa Amylase Enzyme

Hammer mill

Mix Slurry
CO2

Distillation

Liquefaction
Cooker

Fermentation Yeast and Glucoamylase Enzyme
Whole
Stillage

Centrifuge
Solids

Ethanol

Thin Stillage

Rotary Dryer
Distiller
Wet Grains

Distillers
Dried Grain
With Soluble
Supply Feed Industry

Figure 3.3

Corn dry grind ethanol process
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3.3

Preliminary studies
The tremendous growth in fuel ethanol production has greatly increased the

supply of DDGS, resulting in increased interest to use it as food for cattle, poultry, swine,
fishes, etc. Annual production of DDGS (on a dry basis) was about 1 million tons in
1998, about 10 million tons in 2006, and is estimated to reach 16 million tons by 2010
(Weiss et al. 2007). The average ethanol yield in the dry grind process for one bushel of
corn (25.4 kg) is 10.2 liters ethanol (7.98 kg), 8.16 kg DDGS and 8.35 kg CO2 and
typical ranges for DDGS constituents are: protein (26.8–33.7%), lipid (3.5–12.8),
carbohydrates (39.2–61.9), and total dietary fiber (24.2–39.8), (Saunders and Rosentrater
2009). The DDGS composition varies considerably, and affects negatively the market
(Belyea et al. 1989). DDGS has struggled in a nearly saturated market. One hurdle for
DDGS is the composition which for live-stock farmers means quality of the product. Diet
mis-formulation due to variation in proteins and fat content affect the animal production
and it is a penalty in the price of DDGS. The CME Group from Chicago Board of Trade
announced March 29, 2010 that the deliverable grades are: protein minimum 26%, fat
minimum 8%, fiber maximum 12% and moisture maximum 11.5% (Jelinek and Seamon
2010). The composition variation depends on operations inside the ethanol plant. The rate
of condensed distillers soluble added to centrifugated stillage and temperature and
residence time in the dryer are just few variations that affect composition. Another factor
is the calculation of DDGS price. It is calculated with a computer program developed at
Ohio State University and it is based on a formula that includes the price of corn per
bushel and soybean meal (SBM).
Price of DDGS ($/ton) = {Corn ($/bu) x 17.85} + {SBM ($/ton) x 0.5}, where
corn has the price per bushel of grain corn and the SBM has 48% crude protein (Weiss et
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al 2007). Soybean price and DDGS composition consistency impact market price. Also,
in the transport and storage of DDGS the angle of repose causes caking and bridging in
the containers, Figure 3.4 (Shurson 2005). The angle of repose depends on a number of
factors, including storage moisture, temperature, relative humidity, composition, fat
content, coefficient of friction, and particle shape and size of DDGS (Ganesan et al.
2008).

Figure 3.4

Caking and bridging in DDGS containers

Figure 3.4 shows the difficulty of a man unloading a railroad car. Angle of repose
for DDGS was measured between 19.94° and 24.30° and for DDGS without oil between
26.5° and 34.2° (Saunders and Rosentrater 2009). Thus, fat content does not appear to
affect the angle of repose, however, proteins may be the cause due to the amino acids
bonds. Other small constituents cause severe problems; the high content of phosphorous
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(0.8% db) in co-products pose important waste disposal challenges for many ruminant
producers (Singh et al. 2001). High phosphorus in diets can increase phosphorus in
animal wastes. Regulations for disposal of animal wastes are increasingly stringent and
are partially based on phosphorous content because phosphorous can cause
eutrophication. Eutrophication is characterized by the growth of algae and reduced
oxygen levels in water. Also, mycotoxins impact the livestock industry, but many ethanol
plants monitor grain quality and reject sources that may be contaminated with
mycotoxins (Wu and Munkvold 2008).
The DDGS market is predicted to expand with ethanol production (Figure 3.5).
E85 fuel has been approved for vehicles with Flex-fuel capabilities and automobile
manufacturers may increase production of Flex-fuel cars. The total number of stations
offering E85 has increased, and in July 2010 E85 was supplied in 1,575 cities of US
(Wisner 2010). Because the animal feed market is almost saturated the export market has
been developing (Dooley 2008). Foreign markets offer the potential to enhance demand.
Robert Wisner, from Ag. MRC, in his report of January 2012, presents a graphic about
DDGS production and usage. DDGS production will likely continue increasing, with
domestic consumption attenuated but, the export market increasing and projected to grow
in 2013 at any scenario. However, in both domestic and foreign markets DDGS is sold at
relatively low prices.
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Figure 3.5

Estimated U.S. DDGS production and use. (a) Anonymous 2012.

Proteins from corn can be sold at about $12.00 per lb. If DDGS is sold at $100.00
the ton in domestic market with an average content of proteins of 32%, the price of
protein in this ton is $100/ton x 1 ton/2000 lb = $0.05/lb x 0.32 = $0.016/lb protein.
3.4

Other procedures that might increase DDGS revenue.
DDGS, the main co-product of ethanol plant, is sold as animal feed in the USA as

well as abroad (15 % for year 2009 and rising for 2010) (Christiansen 2009). DDGS is
valued under the corn price (85%) even though the energy content of DDGS is higher
than the energy content of corn. Ethanol plants lose millions of dollars in potential
revenue by discounting the true value of DDGS, according to J. Fabiosa (2008).
Innovations such as molecular sieve, improvements in enzymes technology, automation,
industrialization of by-products are some implementations to improve revenue. Heating
and cooling however remain the most expensive cost of ethanol plants after the raw
material and it is necessary to have an integrated plant design for energy saving. To
complete the corn ethanol plant integration conversion of cobs and stover into ethanol
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using cellulose-ethanol technologies must be considered (Massie 2006). To avoid selling
DDGS as animal feed at low prices, the ethanol industry has to separate the DDGS
components to yield higher value products.
There are many corn-ethanol by-products use alternatives:
1- Use of DDGS for heat. This process involves burning burning DDGS and
solubles to produce vapor used in distillation and evaporation. The saving in
energy cost vs. DDGS price has to be evaluated. A similar alternative is
burning DDGS and solubles in an oxygen-starved environment to produce
syngas as fuel (Tavasoli et al. 2009, Gorsky 2006).
2- Production of pellets to improve flowability and improve combustion
characteristics.. This procedure improves the DDGS quality for shipping and
increase flowability and durability (Massie 2006, Zeman 2008).
3- Phosphitylation of cellulose OH groups with trimethylol propane phosphate is
a possibility. This reaction disrupts the cellulosic hydrogen bond in the inter
cellulose chain that restraints enzymes from cleaving glycosidic bonds, thus
this reaction promotes the formation of additional fermentable sugars to
produce more ethanol (Oshel et al. 2008).
4- Ethanol production has grown from 4.9 bg/year in 2006 (Distillers Grain
Quarterly 2008) to 12 bg/year in year 2010 (USDA 2010), but 90% of DDGS
remains as cattle feed. The potential market for DDGS in USA was 39
million tons in 2009 while production was 42 million tons of DDGS with
exportations of around 15 % (Belyea et al. 2004). The ‘Elusieve Process” as
Srinivisan (2009) explains, is an effective method to separate two fractions of
DDGS by sifting the DDGS particles into different sizes and then aerating
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them to remove fiber. The separation of improved DDGS rich in proteins and
DDGS rich in fiber offers possible new markets.
5- Using the bacteria Clostridium thermacellum ATCC27405 with DDGS or
cellulosic waste materials it is possible to produce H2. This experiment
produces a high concentration of hydrogen that can be used as renewable bio
energy (Magnussona 2008). Hydrogen yields energy 2.75 times greater than
fossil fuels and produces no green house gases (Kapdan 2005).
6- There are new experimental procedures to modify protein and fiber content in
DDGS with higher production of ethanol. Vijay Singh et al (2005) modified
the dry grind corn process in three different processes; quick germ (QG),
quick germ and quick fiber (QGQF) and enzymatic milling (E-mill) (Singh et
al. 2005). The QG, QGQF and E-Mill processes increased ethanol
concentration by 8-27% relative to the conventional dry-grind process. These
process modifications reduce the fiber content from 11 to 2% and increase the
protein content from 28 to 58%, allowing removal of germ and pericarp fiber
as co-products at the beginning of the dry-grind corn process. QG and QGQF
allow the production of corn germ oil and increase the protein content of
residual DDGS. E-Mill improves QG and QGQF and help recover endosperm
fiber (Rajagopalan et al. 2005).
7- Another innovation is production of corn oil from ethanol production
remnants. New technology has been developed to extract the corn oil from
whole stillage. This corn oil can be sold as oil or converted into a bio-fuel,
such as biodiesel, enhancing total fuel production from corn (USDA 2010).
Fat content of DDGS is about 10% and the oil recovery process is 70%. The
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45.2 MM Ton DDGS/year estimated for 2010 would produce about 3.2 MM
tons of corn oil or 821 MM g/year corn oil (Majoni 2009).
8- A new procedure which consists of recovering corn oil from whole stillage
uses membrane technology. Jason Kwiatkowsky and Munir Cheryan (2005)
found that combining solvent extraction with membrane technology can
separate corn oil in several steps. This corn oil yields a highly concentrated
Zein and other high–value fractions soluble in ethanol.
9- A novel acidic method to extract Zein from DDGS was researched by Xu et
al. (2007). Many other procedures used to extract Zein from corn utilize
alkaline conditions. The acidic procedure yields higher quality zein at lower
costs. This finding may help to produce organic polymers with human food
grade. This procedure recovers about 17 % corn oil of dry based (db) DDGS.
10- Another innovation is the development of food products for human
consumption from DDGS. DDGS flour can be blended with wheat flour to
give aroma, taste, and texture similar to total wheat products. Mixing 7 % to
20 % of DDGS flour adds fiber and proteins to bread, tortillas, cookies and
noodles. Thus, an ethanol plants can increase revenue by adding value to
DDGS and at the same time alleviating world hunger (Krishnan 2010).
A pressing question appears to be how best to modify operations and processes in
a corn dry grind ethanol plant to reach the highest value of product and by products.
Burning DDGS and solubles seems justifiable only in circumstances of extreme energy
shortage. Alternatives 3, 5, 6 and 8 above need more research to implement them as
industrial processes. Alternative 4 still employs it as feed for animals. Alternative 10 is
based in small amounts of DDGS in different locations, making transportation very
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expensive. Alternatives 7 and 9 are processes in operation today and can produce a
residual rich in fiber and almost free of oil and proteins which may be ideal for use in
WPC’s.
It is possible to obtain by products with better values, such as DDGS for feed by
separation and transformation of its components. As Singh et al (2001) note in their
publication “Modified Dry Grind Ethanol Process,” the ethanol industry has to divert the
processing to other components with higher value. The main goal of this work is to
produce corn fiber for use in WPC production; it includes improving profitability of drygrind ethanol plants, seeks total utilization of corn components, and consolidates this
branch of the corn agro industry. As forest products researchers it behooves us to
investigate the use of non-wood fiber components in the production of WPC with
enhanced properties.
3.5

Procedure to separate DDGS components.
Dry-grind ethanol production will likely grow in the following years by mandate

of the RFS2 and EISA. Currently plants struggle for favorable economics. Innovations
and new technologies are necessary to increase efficiency in ethanol production and to
diversify the co-product DDGS into higher value materials.
The Southeast USA is a low ethanol production area; there is only one plant in
Mississippi and it processes corn from the Northcentral of USA. To make the ethanol
production more profitable and attractive new plants have to be designed to take
advantage of higher-value DDGS products.
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There is a new generation of ethanol plants which improved yield and reduced the
production cost. However, DDGS currently has only one market: animal feed at subvalue prices.
There is a procedure to produce corn oil from dry-mill ethanol plants which is
operational in five ethanol plants and the oil becomes commercial bio diesel. DDGS
residuals from those plants with less fat and more proteins become animal feed.
The residuals can be developed to produce zein, a polymer used in food package,
medicines, film or fiber to produce fabrics. There are several procedures to separate zein
from DDGS. The residual after extraction of proteins is rich in fiber and almost free of
oil and proteins. The corn fiber residual has several applications: natural fiber molding,
laminated panels, polymer composites, etc. The main objective of this study is
investigating the use of the residual fiber as filler for thermoplastic composites.
3.5.1

Objectives
The main objective was to increase value of co-products of ethanol plants by

investigating the use of corn fiber from DDGS as filler in WPC. This is one step in the
industrialization of corn co-products from a dry-grind ethanol process. This research also
proposes more investigations such as the following:
1- How industrial production of corn oil and zein can be upgraded into final
products.
2- How to use valuable corn residues in dry grind corn ethanol plants as it is
done in wet mill corn plants.

37

3- Research how to separate and upgrade products in an integrated model or
“packed” ethanol plant and market products as processed material instead of
animal feed.
4- Research how to increase the revenue for each bushel of corn to make ethanol
plants more competitive, to increase the number of jobs, and to enhance rural
economical development.
5- Consider the corn fiber production as filler to open new markets such as
thermosetting and thermoplastic composites.
The Northeast USA has had fast growing ethanol production in the last 10 years
and now is called the “Northeast corn ring.” Since the 1930’s, many states and the federal
government have provided various incentives designed to stimulate the production and
use of fuel ethanol. The Southeast could be the new sanctuary for E15. USDA suggests
that the Southeast has the most robust corn growing season in the USA. Regionally, there
are 83.4 MM acres of crop land and pastures and 182.8 MM acres of forest land while
only 9.5 MM acres are needed to produce 10.5 bgal. biofuel/year (USDA, Biofuel
Strategic Production Report 2010).
With 11.6% fat in DDGS reported by Kim et al. (2008), it is possible to produce
corn oil as a by-product (Winsness 2006). Corn oil is recovered in five dry-grind ethanol
plants and commercialized as biodiesel at about $1.00 per gal. Furthermore, corn oil is
rich in tocopherols, tocotrienols and steryl ferulates. On the other hand, the 25 % of
proteins in DDGS reported by Xu et al (2007) can be separated from fiber using acidic
ethanol and sodium sulfite as a reducing agent to recover more than 70 % of zein. Zein is
an industrial by-product from corn and is marketed as a polymer used in production of
medicine containers, bio degradable plastics and as fiber for fabrics.
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The fiber residual obtained almost free of fat and proteins from DDGS was used
as filler in this WPC experiment.
3.5.2

Materials and Methods
To investigate the use of corn fiber as filler for WPC, the first step is to separate

the oil and proteins from DDGS. Hexane is an efficient solvent for vegetable oils, but
ethanol may be more appropriate because it is the main product. Xu et al (2007) reported
the treatment of DDGS with anhydrous ethanol to extract oil and proteins.
The raw material DDGS was donated by Burge Ergon Vicksburg LLC, MS by
courtesy of Mr. Robert Long. Ethanol 95% with 4% methyl iso-butyl ketone and 1%
rubber hydrocarbon to denature was supplied by Fisher Scientific. The DDGS sample
was ground to less than 1 mm in a Willey Mill (Model No. 2; Arthur H. Thomas Co.
Philadelphia, PA).
In accordance with Xu (2007), the oil in the DDGS fiber was extracted using 350
ml. 95% ethanol, at 73 °C, in a Soxhlet extraction apparatus until the extracted liquid in
the Soxhlet became colorless. The extraction was repeated twelve times in a Soxhlet for
about 1 hour and 30 minutes. The protein extraction procedure developed by Xu et al.
(2007) was selected in our experiments because it can obtain high quality Zein and
consist of treatment with ethanol in acidic solution of residuals from oil extraction.
The material used is the residual dried fiber without oil obtained previously.
Sodium sulfite anhydrous 98% minimum supplied by Sigma Chemical Co. Ethanol 70%,
Sodium hydroxide 1 N (normal) solution and hydrochloric acid (HCl) 1 N solution were
supplied by Fisher Scientific. Protein extraction from DDGS without oil is performed in a
vase of 1 liter with 70% ethanol (w/w) at 50 °C in the presence of 0.2% of sodium sulfite
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and agitation at 500 RPM. The pH will be adjusted to 2.0 with hydrochloric acid. After 2
hours of extraction, the solution is filtered and rinsed with the same solution formulated
for extraction. One sample was rinse with water. The solid residuals were dried in a stove
at 45 °C by 24 hours.
3.5.3

Results
The residual of DDGS after oil extraction is protein and fiber with some residual

oil. This solid fraction was dried in a hood to vaporize the ethanol. The oil was discarded
because the objective was to utilize fiber. The chemical analysis results are presented in
Table 3.2. The content of fat diminished but the protein and neutral detergent fiber (NDF)
contents increased. The remaining fat after oil extraction was 44%.
Table 3.2
SAMPLE
DDGS
NO OIL

Chemical analysis after oil extraction, average (%)
DRY
MATTER
87.2
88.0

PROTEIN

NDF

FAT

29.7
37.0

37.0
46.7

27.4
12.1

HEMICELLULOSE CELLULOSE
26.2
30.8

9.1
12.1

LIGNIN
1.6
3.7

The residual material after protein extraction is mainly fiber, remnant oil, and
protein. Although the procedure is not the optimal to recover all oil and proteins, it was
demonstrated that oil can be separated for fuel, and proteins can also be separated to
obtain Zein. The chemical analysis results showed in Table 3.3 compare composition of
DDGS, DDGS after oil extraction and corn fiber after oil and protein extraction.
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Table 3.3
SAMPLE
DDGS
NO OIL
C. FIBER

3.6

Chemical analysis after protein extraction, average (%)
DRY
PROTEIN
MATTER
87.3
29.8
88.0
37.1
87.8
34.4

NDF

FAT

HEMICELLULOSE

CELLULOSE

LIGNIN

37.0
46.7
61.8

27.4
12.1
13.5

26.3
30.8
42.7

9.1
12.1
16.7

1.6
3.7
2.4

Market possibilities for DDGS products
The market price of DDGS is approximately $176/ton, and DDGS is

approximately 30.2% protein and 10.9% fat per Table 3.4. It can be calculated, 10.9% of
$176/ton DDGS corresponds to a price of $19.18/ton for fat. Further, 1 ton of oil is about
260 gal and the ethanol industry is selling the oil at $0.0737/gal. while the price in the
market is $1.00/gal of oil after recovery. With the proteins a similar calculation can be
performed as: 30.2% of $176 is $53.2/ton that is $53.2/2000 lb. that correspond to
$0.0266/lb while the insolated protein is sold at about $12/lb.
Table 3.4

Average composition of DDGS
Crude Protein

30.2 %

Natural Detergent Fiber

42.1 %

Crude Fat

10.9 %

Ash

5.8 %

Fiber

8.8 %

Kim et al 2008, Belyea et al 2004, B. Weiss et al 2007 and M. Spiehs et al 2002
3.6.1

Benefits from diversification
Ethanol is sold in the market at $1.25 per gallon, and DDGS is sold at $176/ton.

Based on these, Table 3.4 shows potential economic recovery in a 50 MMgal/year sized
plant. A plant with 50 MMg/year of capacity costs around $ 80 million, (Kotrba 2008)
and produces approximately 162,000 ton of DDGS, calculated at a rate of 2.7 gal ethanol
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by 17.5 lb DDGS. Xu et al (2007) reported 70% recovery of oil from 10.9% crude fat
content in DDGS. Miller et al (2001) however report an improved recovery of oil from
90.8% to 95.5% and the residual oil content of 0.18%. The 162,000 tons of DDGS at 260
gallons per ton equates to about 3,210,000 gallons of oil/ year. At the market price of $
1.00/gallon the oil sale would give revenue of $3,210,000.
Processing 30.2% of crude protein at 44% of recovery that was reported by Xu et
al. (2007) yields approximately 21,500 ton/year of zein, which has a market price of
$12.00/lb provides revenue of $517,000,000.
The remnant fiber, which is 42.1% of the DDGS is recovered as 68,200 ton. The
wood powder price in the market ranges from approximately $160 to $200/ton and it may
be replaced with corn fiber at about $150/ton or more considering that it is a refined fiber
almost free of fat and proteins. Table 3.5 shows a comparison of revenues.
Table 3.5

50 MMg/year ethanol plant revenue for DDGS and components.

MATERIAL

PRODUCTION

PRICE PER UNIT

TOTAL

DDGS

162,000 ton

$176/ton

$

28’500,000

Oil

3,210,000 gal.

$1.00/gal.

$

3,210,000

Zein

21,500 ton

$12.0 /lb

$ 516’624,000

Corn fiber

68,200 ton

$150/ton

$

10’200,000

The by-product components are about 20 times the value as compared to DDGS
sold as animal feed. It may thus justify the investment in a new design, and additional
equipment, which will make it more attractive for investors to spend in a riskless industry
and to farmers who can devote their available lands to produce corn.
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3.6.2

Possibility to enhance the dry grind ethanol process
In the DDGS products diversification, there will be a search for new extraction

techniques that reduce processing time and extractor consumption. One of these new
techniques is extraction with super critical (SC) fluids. This procedure enhances the heat
and mass transfer and its properties can be adjusted by changing pressure and
temperature (Wang et al. 2007). Super critical procedures can use methanol, water,
hexane, or CO2. The best alternative seems to be SC CO 2 because it is neither flammable
nor explosive, has a low cost, is readily available in ethanol plants, is easy to remove
from extracted products and, when it is compressed at high pressure above its critical
temperature (31°C), it has a liquid density but it diffuses as a gas and it can function as a
solvent (Wu et al. 1990). Another procedure is from Oshell et al. (2008) who report
water solubilization of DDGS with phosphate esters. They mention how other researches
approach the cellulose by simple disruption of the hydrogen bonds, steam explosion,
ultrasound treatment and dissolution in ionic liquids. Another process which produces
Quick germ, Quick germ and Quick fiber, and enzymatic mill, beside the ethanol and
DDGS, is proposed (Singh et al. 2005). Another procedure is called “Sequential
Extraction Process” which uses ethanol to extract oil and proteins. This procedure
resembles the corn wet mill process. All of these procedures can reduce the time and cost
of operation and produce other sub products but they all dispose of the residues that
contain the corn fiber.
3.7

Conclusions
This research demonstrated that it is possible separate oil from DDGS with

ethanol. This finding represents a potential cost savings by having the raw material
DDGS and the solvent to extract oil in the same plant. Additionally, selling oil as bio fuel
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at a price that varies from $1.00 to $1.50 per gallon as well as other more refined
products derivatives from corn oil may increase revenue of ethanol plants. Furthermore,
the ethanol extraction of proteins is prepared in acidic solutions rather than basic ones
and yield Zein of better quality (Xu et al. 2007). Separated proteins can be
commercialized in different forms and the price is around $12.00 to $20.00.
The purpose of this research was not to separate completely oil and proteins.
Although the corn fiber obtained in this research contained some protein and oil, it was
the raw material used to demonstrate that early combustion won’t occur and can be used
as filler in WPC.
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CHAPTER IV
PRODUCTION OF CORN FIBER-POLYMER COMPOSITES
4.1

Objective
Production of NFPCs using corn fiber was the main objective of this research.

Previous studies found poor results with DDGS because the extruder temperature causes
degradation and pyrolysis of the protein and fat in DDGS. The research was conducted to
apply procedures to extract oil and proteins from DDGS, focusing technically and
economicly viable processes that do not interfere with ethanol plant operations. After
extraction, the remnant corn fiber from the DDGS was used as fiber filler for NFPCs. The
corn fiber does not contain the ingredients needed in animal’s diet; however, this
experiment demonstrates that by separating the DDGS components, other markets could
increase the revenue of ethanol plants. The corn fiber, being a low-value renewable and
biodegradable material, might displace wood flour in NFPC. Other processes could be
more effective or at lower cost in recovering oil and proteins. Nonetheless, all these
processes generate corn fiber that, with this research, may be useful in NFPC
manufacture.
4.2

Materials selection
Materials to form the matrix and the compound, with exception of DDGS, were

selected considering their great market acceptance, availability, environment friendliness
and low cost.
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4.2.1

Thermoplastic
Polypropylene (PP) thermoplastic pellets, produced by Exxon Mobil (PP3235EI),

were used. These pellets were homopolymer grade for fiber applications. The selected
polypropylene is a thermoplastic polymer with molecular formula (C3H6)n , used in a wide
variety of applications. The density is 0.9 g/cc and the melt flow rate (MFR) is from 1000
to 1630 g/10 min. and the melting point from 160 to 165°C. Polypropylene was selected
for the matrix because it is one of the major commodity plastics which may be processed
below the decomposition temperature of lignocellulosic fiber (about 220 ± °C). Global
consumption of polypropylene was 45.1 million tons in 2007 and the demand is estimated
will grow to 85 million tons by 2017.
4.2.2

Coupling agent
The poor mechanical properties of polypropylene composites reinforced with

organic fibers have been attributed to the lack of bonding between the polar hydrophilic
characteristic of organic fiber and to the non-polar hydrophobic polypropylene (Lu 2003).
Furthermore, chemical coupling improves other properties of composites. The
mechanism consists on the formation of esters bonds at organic fiber surface by the
coupling agent to decrease the hydrophilicity of the fiber and, simultaneously, construct
an adhesive bridge between polymer and fiber. Research (Fuqua and Ulven 2008)
explains how composites may require a “compatibilizer” such as polypropylene grafted
maleic anhydride (PPgMA) to improve surface bonding, allowing better adhesion
between cellulose component (corn fiber) and the PP matrix. Also, to increase the
interfacial adhesion of fiber with the matrix researchers used maleic anhydride
polypropylene (MAH-PP) which improved the dispersion of the particles and decreased
the water sorption (Bledzki and Faruk 2003).
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This procedure used the coupling agent ExxelorTM PO1020 Maleic anhydride
functionalized polypropylene (MAPP) that was supplied by Millennium petrochemicals.
Its physical properties are: density of 0.900 g/cc, MFR of 125 g/10 min., and melting
point of 160 °C.
4.2.3

Lubricant
Polymer composites may require other additives. These may protect composites

against microbial, UV light, flammability, etc. Thermoplastics increase viscosity as the
amount of fiber is increased. Lubricants can reduce the viscosity. These can prevent
composites from getting tacky at processing temperatures, improve surface appearance,
and increases production rate (Struktol 2005). The lubricant Struktol TPW 113
processing additive was donated by Struktol® Company of America, Stow, Ohio. It is a
powder and has specific gravity 1.01 g/cc. and dropping point of 66-77°C.
4.2.4

Wood flour
Wood fiber-PC is a rapidly growing industry. Due to the nature of wood, it is

possible to process composites using traditional thermoplastic techniques. The same
machinery permits recycling of the resultant products or wastes at the end of their useful
life. Wood fiber replaces inorganic fibers because they cause abrasion in the extruder and
other equipments in the process. There is an increased interest in wood composites due to
government regulations and growing environmental awareness. Wood flour is a
renewable resource, rather than fossil fuel used to produce polypropylene, and it has a
lower cost (Bladzki and Faruk 2003)
To complement this research, wood polymer compounds (WPC) were produced
as a medium to compare corn fiber composites tensile strength at various ratios. The
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composites were made from 60% organic fiber distributed between wood flour and corn
fiber.
The wood flour from southern pine was donated by Louisiana Pacific and was
collected from various mills. It was kept dried at 8% moisture content and particle size
was less than 1 millimeter.
4.2.5

Matrix
The matrix was the combination of thermoplastic PP and the coupling agent

MAH-PP and the lubricant Struktol TPW 113. Due to shape and size characteristics of
each component, it is difficult to keep it mixed because powder lubricant segregate
between pellets of plastic and coupling agent. When the percentages of the components in
a mix vary, changes in the properties of composites are noticeable. The decision to use
only one formula for the mix in all the treatments and in the whole experiment was made
and is shown in Table 4.1.
Table 4.1

Matrix composition

MATRIX

% (DB)

PP

92

COUPLING AGENT

4

LUBRICANT

4

4.3

Design of the experiment
Variables were selected to assess the influence that each has on the final

properties of composites. The ratio of wood flour to corn fiber was the main variable that
was investigated. After matrix was compounded with fillers the evaluation was
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performed by testing the samples for tensile strength. Table 4.2 shows the materials by
composition factor in percentage, all of them were passed twice by extruder and it shows
that the matrix is 40% for all tests.
Table 4.2

Array of materials by composition factors (%) and tests programmed.

MATERIAL

Test 1

Test 2

Test 3

Test 4

Test 5

Test 6

Test 7

MATRIX

40

40

40

40

40

40

40

WOOD POWDER

30

40

50

60

0

10

20

CORN FIBER

30

20

10

0

60

50

40

The preparation of corn fiber was made with the same extraction methods for all
the batches, considering temperature, solution composition, pH, and time of processing.
The exception was in test 6C in which the remnant corn fiber following protein extraction
was rinsed with water while all the others were rinsed with the same extraction solution.
This modification was made to evaluate the capacity of water to remove proteins. Table
4.3 shows both tests.
Table 4.3

Treatments for different methods of rinse corn fiber

MATERIAL

Test 6

Test 6C

MATRIX

40

40

WOOD POWDER

10

10

CORN FIBER

50

50

C2H5OH + HCl + H20

H2O

RINSE METHOD

53

The matrix was prepared the same for all treatments and replications. Samples for
test 8 and 8A were 100% matrix. The extruder was operated at the same conditions of
feeding, vacuum in the barrel, temperature, speed, and cooling for the entire test. All
composite material were passed twice through the extruder in order to improve mixing
and composition uniformity; with the exception of the tests 7B and 8A, which passed
once to evaluate if it increase TS properties. Table 4.4 shows the test for control 8 and 8A
and tests with two extruder passes (7 and 8) and only one extruder pass (7B and 8A).
Table 4.4

Number of passes by extruder and control test

MATERIAL

Test 7

Test 7B

Test 8

Test 8A

MATRIX

40

40

120

120

WOOD POWDER

20

20

0

0

CORN FIBER

40

40

0

0

PASS EXTRUDER

2

1

2

1

This experiment produces the thermoplastic polymer compounds in the form of
pellets and will be molded in the shape for test tensile strength.
4.4
4.4.1

Equipment and procedures
Extruder and pelletizer
The materials to process were the matrix compounded with wood flour and corn

fiber. The process was initiated mixing the matrix and the corresponded filler in the
amount required as shown in Table 4.2 for test 1 to 7. Test 8 and 8A were control without
fillers and 8A and 7B are processed passing once through the extruder. The extruder was
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a twin screw counter-rotating with length diameter ratio (L/D) of 24. Trade mark is
Leistritz, MIC 27/GG/40 D, with a volumetric feeder K-tron Soder that has twin screws.
The feeder attached to the extruded was regulated to work at 39 rpm, and the extruder’s
twin screws rotated at 20 rpm. Temperature in the feed barrel of the extruder was 165 °C,
and the other 7 barrels and the die were at 175 °C. The die was designed to yield 4
strands of 1/8-inch diameter. To prevent pelletizer overload, a BT-25 Strand pelletizer
from Bay Plastic Machinery, Bay City, MI. The extruded material was cooled in an air
stream until the composite solidified. The pelletizer was calibrated to process the strands
delivering pellets with less than 1.5 mm. length. In order to get more uniform distribution
of compound materials, the pellets were reprocessed through the extruder. After the
second pass, pellets were cooled and stored in a closed container.
4.4.2

Molding and sample preparation
The equipment used for molding was an ABURG All Rounder 170y/20 ton from

the Center for Advanced Vehicular System (CAVS) shop at the MSU. The compounded
and pelletized material was processed in batches according to the eleven tests to be
evaluated by TS. The injection molder received pellets at room temperature (25°C) and
then heated them to 180°C to melt the pellets in the single screw. The hydraulic press
pushed the composite into the mold that was heated with closed-loop hot water
circulation. The composite was molded into a dog bone shape that is used for tensile
strength test in accordance with ASTM D638.3 standards.
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Figure 4.1

Molded composite for tensile strength test. Length L=107.1 mm., width
W=16.65mm., length of throat l=55 mm., width of throat w=7.75 mm., and
thick T=3.95 mm

Ten samples were made for every replication of each test and each one weighed 5
grams, approximately.
4.5

Instron machine results
The Instron 5869 from CAVS was used to test the tensile strength of all dog bone

samples in accordance with ASTM D638.3. Testing occurred at 25 °C.
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Figure 4.2
4.5.1

Instron machine for tensile strength.

Statistical analysis
The statistical analysis is divided into two sections where the second section is the

analysis of variance (ANOVA). The first section analyzes the three groups formed with
different tests. On the first group the variable is percent filler. In group two the variable is
fiber rinse after protein separation. Group three investigated the number of passes
through the extruder. Table 4.5 and Figure 4.3 show the seven tests for the same matrix
but different proportions of filler.
Test number 4, made without corn fiber, and test number 5, made without wood
flour, had an average tensile stress of 25.3 MPa and 24.3 MPa respectively, indicating
that the corn fiber compound has the 96% TS of the wood fiber composite. Tests 1, 2 and
3 showed greater TS than 4 as corn fiber increased from 10% to 30% respectively.
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Table 4.5

Tensile strength (MPa) for different percentages of fillers.
COMPOSITION
MATRIX:
WOOD POWDER:
CORN FIBER

MPa
AVERAGE

ST. DEV.

1

40:30:30

25.6121

0.31977

2

40:40:20

25.5492

1.04523

3

40:50:10

25.4313

0.45643

4

40:60:0

25.3467

0.40015

5

40:0:60

24.3451

0.36407

6

40:10:50

25.2494

0.34631

7

40:20:40

24.6332

0.5605

TEST No.

Figure 4.3

Average results from testing the percent of filler in composite.

The rinse tests, 6 versus 6C are almost similar with difference of 0.04MPa. as is
shown in Table 4.6 and Figure 4.4
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Table 4.6

TEST No.

Tensile strength (MPa) for rinse corn fiber with extraction solution and with
water.
COMPOSITION
MATRIX:
WOOD POWDER:
CORN FIBER

RINSE METHOD

MPa.
AVERAGE

ST. DEV.

6

40:10:50

C2H5OH + HCl + H20

25.2494

0.34631

6C

40:10:50

H2O

25.2093

0.5605

Figure 4.4

Average results from testing procedure to rinse corn fiber
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Table 4.7

Tensile strength (MPa) for number of passes through the extruder and for
samples of control

TEST No.

COMPOSITION
MATRIX:
WOOD POWDER:
CORN FIBER

PASS
EXTRUDER

MPa. AVERAGE

ST. DEV.

7

40:20:40

2

24.6332

0.5605

7B

40:20:40

1

25.5055

0.60479

8

100:0:0

2

25.8811

0.46442

8A

100:0:0

1

26.358

1.32928

The third group tests the number of extruder passes (Table 4.7) and gives as result
that one pass provides more TS than two passes. This result needs further investigation
because better distribution of components should provide increased TS. The test prepared
for the control group, 8 and 8A, present the highest values of MPa from all the groups. It
indicates that increasing the amount of filler, decreases the TS for composites with the
same matrix (Figure 4.5). The TS results are shown in Appendix B, Table B.1.
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Figure 4.5

Average results for number of passes through extruder and for control.

Though the seven tests carried on to compare the effect of filler in a composite
using the same matrix, it was found that wood flour always provides higher TS for
different combinations from zero to 60% versus the others. However, corn fiber TS
remained close to wood flour values. The lower TS value was for test 5 (24.3 MPa) with
60% corn fiber and zero wood flour and the highest is for the number 1 (25.6 MPa) with
30% for each filler. Thus between the highest and the lowest value there is a minimum
difference of only 0.05%, which suggests that extracting oil and proteins from DDGS
yields a material able to replace wood in WPC. Additionally, it was found that angle of
repose for corn fiber changed to 45° - 50° which suggested that that cake and bridging
issues were improved.
In Appendix C there is the data of TS tests and the analysis of variance (Anova)
results from SAS 9.2. The coefficient of variation is 2.46 and the R-Square is 0.20; and
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the equations for linear regression are 4.1 and 4.2, where X1 is wood flour and X2 is corn
fiber.

4.5.2

Y= 0.01530 X1 + 24.70765

(4.1)

Y= -0.01530 X2 + 25.62.575

(4.2)

SEM analysis
The Figure 4.6 shows two pieces of wood fiber broken in tension. There appears

to be good adhesion and the fiber is broken because was cut transversally and it was not
moved from their location. The magnificence was 5.0 Kx. This material was taken from
the test number 4 group, with 60% wood flour and zero corn fiber, and tested in the
Instron machine to fracture. Figure 4.7 correspond to a flake of the pericarp of corn from
test number 5group. There appears to be good adhesion with the matrix and have
similitude in the way that fiber is broken. The magnificence was 2.0 Kx.

Figure 4.6

Scanning Electron Microscope picture of matrix filled with wood flour.
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Figure 4.7
4.6

Scaning Electron Microscope picture of matrix filled with corn fiber

Conclusions
Extracting oil and proteins would produce high additional revenues to an ethanol

plant. DDGS co-product from corn dry mill ethanol plants is available in large amounts at
low prices. Extracting oil and proteins remains the corn fiber that in polymer composites
has a behavior similar to wood flour. Moreover, the increasing production of ethanol is
pushing the industry to look for new DDGS markets. The domestic market for livestock
feed is almost saturated and the export market is helping. However, farmers and ethanol
producers are losing billions of dollars annually as opportunity cost.
The tensile strength test showed a small variation between corn fiber and wood
flour. Corn fiber TS is lower than wood flour by less than 5% and the test showed the
maximum TS when fillers proportion was 30% corn fiber and 30% wood flour.
A test control made of 100% matrix had the highest TS, indicating that fillers
diminish the TS of composites. Furthermore, another improved characteristic was the
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increased angle of repose avoiding complications during unloading of silos and
containers.
4.7

Recommendations for future work
From the DDGS components, the corn fiber has the lowest price in the market,

lower than oil and proteins. For instance, the oil extraction is already commercialized
obtaining good economic results selling it as fuel oil. Moreover, there are procedures for
protein extraction and there exists a market for it. The restriction encountered is what to
do with the large amount of corn fiber which is not furnished for livestock feed. The
present research found a viable approach to the use of corn fiber, however, the solution to
the DDGS market has to be integral. Other procedures that provide high extraction and
lower cost have to be developed. In like manner, by improving cost production and
quality, the corn fiber composites can open new markets. New researches involving the
interaction between corn fiber and coupling agents, lubricants and other additives could
improve specific properties required for a variety of composites. Additionally, the
interaction between university researches and factories is recommended to achieve the
best results in quality, productivity and profitability.
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APPENDIX A
CHAPTER II. LAB ANALYSIS FOR SAMPLES CHEMICALLY TREATED
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Table A.1

Chemical analysis for DDGS with four levels of protein and treatment with
nothing (control), water, MCW, CH3COOH, HCl and NaOH.
AVG %

AVG %

SAMPLE

DRY

AVG %

AVG %

CRUDE

AVG %

ID

MATTER

ASH

PROTEIN

FIBER

FAT

DDGS 22% Control

85.6

3.65

21.38

10.51

24.88

DDGS 17.1% Control

85.88

3.77

17.67

12.12

23.74

DDGS 16.2% Control

86.17

3.56

17.48

12.05

22.75

DDGS 15.6% Control

86.45

3.37

17.43

11.99

21.84

DDGS 22% Water

97.19

0.97

4.27

14.3

22.32

DDGS 17.1% Water

90.25

0.64

17.88

15.21

18.71

DDGS 16.2% Water

91.16

0.69

17.26

15.12

17.04

DDGS 15.6% Water

90.8

0.77

15.38

15.75

17.28

DDGS 22% MCW

90.58

1.14

23.35

14.38

12.06

DDGS 17.1% MCW

90.43

0.93

19.12

16.21

11.06

DDGS 16.2% MCW

91.22

1.35

17.81

15.74

11.55

DDGS 15.6% MCW

90.66

4.14

13.68

18.81

14.11

DDGS 22% CH3COOH

91.74

1.23

20.97

13.59

18.25

DDGS 17.1% CH3COOH

91.2

1.39

17.38

14.51

19.14

DDGS 16.2% CH3COOH

91.21

1.09

18.81

14.11

18.28

DDGS 15.6% CH3COOH

91.77

0.93

14.78

15.07

16.44

DDGS 22% HCl

92.95

1.07

17.44

13.84

15.07

DDGS 17.1% HCl

91.08

0.96

17.52

14.66

17.73

DDGS 16.2% HCl

92.16

1

16.54

14.89

15.39

DDGS 15.6% HCl

91.6

0.98

14.48

14.99

16.25

DDGS 22% NaOH

88.21

35.11

8.52

21.81

23.66

DDGS 17.1% NaOH

90.67

25.87

12.86

18.45

21.88

DDGS 16.2% NaOH

88.7

35.04

7.33

24.16

20.16

DDGS 15.6% NaOH

88.67

27.7

8.76

18.9

20.61

DDGS level 22% water was over dried. It has less than 3% water and low protein.
It reflects that at high temperature, corn protein decompose faster than corn oil.
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Table A.2

Chemical analysis for DDGS level 17.1% protein and treatment with
nothing (control), water, MCW, CH3COOH, HCl and NaOH
AVG %
DRY
MATTER

AVG %
PROTEIN

AVG %
CRUDE
FIBER

AVG %
FAT

DDGS 1 10 gr. Control

84.9198

19.2847

11.2610

2.8845

DDGS 2 10 gr. Control

84.7860

18.8893

11.6596

2.3144

DDGS 3 10 gr. Control

84.2821

18.1219

11.9024

2.4327

DDGS 4 20 gr. 10 ml. CH3COOH + 30 ml. NaOH 0.5 N

47.0638

13.2809

9.5891

0.8718

DDGS 5 30 gr. NaOH 0.5 N 45 °C 20'

13.2626

11.9132

9.9701

0.2835

DDGS 6 30 gr. NaOH 0.5 N 45 °C 20'

14.4411

10.7402

9.7527

0.1638

DDGS 7 30 gr. NaOH 0.5 N 45 °C 20'

15.3921

9.9791

9.4235

0.1488

DDGS 8 30 gr. HCl 0.02 N 45 °C 8 hours

43.9634

17.4543

14.3211

1.0312

DDGS 9 30 gr. HCl 0.02 N 45 °C 8 hours

37.2885

18.0404

15.5508

0.5985

DDGS 10 30 gr. HCl 0.02 N 45 °C 8 hours

46.4401

17.2319

15.4092

0.7349

DDGS 11 30 gr. 200 ml. methanol, 200 ml chloroform,

50.7149

18.8357

14.7766

0.3973

59.1072

18.7862

15.0852

0.2402

92.7106

17.9106

15.3119

0.3925

SAMPLE
ID

200 ml. H2O, 45 °C, 24 hours
DDGS 12 30 gr. 200 ml. methanol, 200 ml. chloroform,
200 ml. H2O, 45 °C, 24 hours
DDGS 13 30 gr. 200 ml. methanol, 200 ml. chloroform,
200 ml. H2O, 45 °C, 24 hours

The sample of DDGS without chemical treatment is very high in avg. % fat. The
reaction with NaOH reduces amount of protein and fat but leave the fiber like a lumpy
mass. Reaction with HCl is good for oil but not for protein. However, fiber is recovery in
good shape.
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Table A.3

Average TS (MPa) for composites made with different level of protein and
different chemical treatment.

Treatment

Name

None

PP only (Control)

Average Tensile Strength
St. Dev.
(MPa)

43.555679

4.027138

Untreated Samples

Treatment

Name

None

DDGS-1-5(22% protein), 10% DDGS, 90% PP

36.693727

1.933371

DDGS-2-5(22% protein), 20% DDGS, 80% PP

32.307214

0.681522

DDGS-3-5(22% protein), 30% DDGS, 70% PP

30.011425

1.951341

DDGS-4-5(22% protein), 40% DDGS, 60% PP

27.147273

5.820802

DDGS-5-5(17.1% protein), 10% DDGS, 90% PP

36.185720

1.003022

DDGS-6-5(17.1% protein), 20% DDGS, 80% PP

31.584063

1.366982

DDGS-7-5(17.1% protein), 30% DDGS, 70% PP

28.604424

0.806156

DDGS-8-5(17.1% protein), 40% DDGS, 60% PP

26.305044

1.412906

DDGS-9-5(16.2% protein), 10% DDGS, 90% PP

35.370157

0.961768

DDGS-10-5(16.2% protein), 20% DDGS, 80% PP

30.714687

1.485685

DDGS-11-5(16.2% protein), 30% DDGS, 70% PP

28.121797

0.724647

DDGS-12-5(16.2% protein), 40% DDGS, 60% PP

25.643021

0.808861

DDGS-13-5(15.6% protein), 10% DDGS, 90% PP

34.879795

1.898217

DDGS-14-5(15.6% protein), 20% DDGS, 80% PP

31.206410

1.724881

DDGS-15-5(15.6% protein), 30% DDGS, 70% PP

26.454865

3.268630

DDGS-16-5(15.6% protein), 40% DDGS, 60% PP

25.139345

1.523908

None

None

None

Average TS (MPa)
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St. Dev.

Table A.3 (continued)
Chemical Treated Samples
Treatment

Name

MCW

MCW

MCW

MCW

Average TS (MPa)

St. Dev.

DDGS 22% protein, 10% DDGS, 90% PP

38.708358

1.111802

DDGS 22% protein, 20% DDGS, 80% PP

33.468772

1.720044

DDGS 22% protein, 30% DDGS, 70% PP

30.335195

1.147631

DDGS 22% protein, 40% DDGS, 60% PP

0.000000

0.000000

DDGS 17.1% protein, 10% DDGS, 90% PP

37.950866

1.275802

DDGS 17.1% protein, 20% DDGS, 80% PP

34.309020

1.998032

DDGS 17.1% protein, 30% DDGS, 70% PP

29.274190

2.959788

DDGS 17.1% protein, 40% DDGS, 60% PP

0.000000

0.000000

DDGS 16.2% protein, 10% DDGS, 90% PP

36.123700

5.352920

DDGS 16.2% protein, 20% DDGS, 80% PP

36.038684

5.909816

DDGS 16.2% protein, 30% DDGS, 70% PP

31.080152

6.704254

DDGS 16.2% protein, 40% DDGS, 60% PP

0.000000

0.000000

DDGS 15.6% protein, 10% DDGS, 90% PP

41.076829

2.529051

DDGS 15.6% protein, 20% DDGS, 80% PP

38.023527

4.868426

DDGS 15.6% protein, 30% DDGS, 70% PP

33.355171

2.644018

DDGS 15.6% protein, 40% DDGS, 60% PP

0.000000

0.000000
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Table A.3 (continued)
Treatment

Name

CH3COOH

CH3COOH

CH3COOH

CH3COOH

Average TS (MPa)

St. Dev.

DDGS 22% protein, 10% DDGS, 90% PP

39.996872

2.006632

DDGS 22% protein, 20% DDGS, 80% PP

35.943685

1.593121

DDGS 22% protein, 30% DDGS, 70% PP

33.956988

2.449487

DDGS 22% protein, 40% DDGS, 60% PP

0.000000

0.000000

DDGS 17.1% protein, 10% DDGS, 90% PP

41.941496

3.106068

DDGS 17.1% protein, 20% DDGS, 80% PP

39.408956

3.049011

DDGS 17.1% protein, 30% DDGS, 70% PP

33.530123

2.254455

DDGS 17.1% protein, 40% DDGS, 60% PP

0.000000

0.000000

DDGS 16.2% protein, 10% DDGS, 90% PP

42.926593

0.711609

DDGS 16.2% protein, 20% DDGS, 80% PP

39.115561

3.280906

DDGS 16.2% protein, 30% DDGS, 70% PP

30.935879

2.251275

DDGS 16.2% protein, 40% DDGS, 60% PP

0.000000

0.000000

DDGS 15.6% protein, 10% DDGS, 90% PP

42.617512

1.190655

DDGS 15.6% protein, 20% DDGS, 80% PP

36.836635

1.034775

DDGS 15.6% protein, 30% DDGS, 70% PP

30.957418

1.427679

DDGS 15.6% protein, 40% DDGS, 60% PP

0.000000

0.000000
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Table A.3 (continued)
Treatment

Name

NaOH

NaOH

NaOH

NaOH

Average TS (MPa)

St. Dev.

DDGS 22% protein, 10% DDGS, 90% PP

41.702492

2.049374

DDGS 22% protein, 20% DDGS, 80% PP

34.013586

3.475515

DDGS 22% protein, 30% DDGS, 70% PP

34.397963

4.661572

DDGS 22% protein, 40% DDGS, 60% PP

0.000000

0.000000

DDGS 17.1% protein, 10% DDGS, 90% PP

41.220852

1.764515

DDGS 17.1% protein, 20% DDGS, 80% PP

37.640936

2.017014

DDGS 17.1% protein, 30% DDGS, 70% PP

30.987000

2.900000

DDGS 17.1% protein, 40% DDGS, 60% PP

0.000000

0.000000

DDGS 16.2% protein, 10% DDGS, 90% PP

40.613172

2.640020

DDGS 16.2% protein, 20% DDGS, 80% PP

37.897196

2.935968

DDGS 16.2% protein, 30% DDGS, 70% PP

30.805449

3.548114

DDGS 16.2% protein, 40% DDGS, 60% PP

0.000000

0.000000

DDGS 15.6% protein, 10% DDGS, 90% PP

41.588419

4.296336

DDGS 15.6% protein, 20% DDGS, 80% PP

34.315481

2.453683

DDGS 15.6% protein, 30% DDGS, 70% PP

32.971160

1.085553

DDGS 15.6% protein, 40% DDGS, 60% PP

0.000000

0.000000
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Table A.3 (continued)
Treatment
HCl

HCl

HCl

HCl

Name

Average TS (MPa)

St. Dev.

DDGS 22% protein, 10% DDGS, 90% PP

35.806262

1.064202

DDGS 22% protein, 20% DDGS, 80% PP

30.061214

1.032207

DDGS 22% protein, 30% DDGS, 70% PP

27.973144

1.110118

DDGS 22% protein, 40% DDGS, 60% PP

25.458048

2.281436

DDGS 17.1% protein, 10% DDGS, 90% PP

41.914088

4.253056

DDGS 17.1% protein, 20% DDGS, 80% PP

36.219449

1.778234

DDGS 17.1% protein, 30% DDGS, 70% PP

30.637679

2.204295

DDGS 17.1% protein, 40% DDGS, 60% PP

0.000000

0.000000

DDGS 16.2% protein, 10% DDGS, 90% PP

44.101362

2.921442

DDGS 16.2% protein, 20% DDGS, 80% PP

39.513792

2.303300

DDGS 16.2% protein, 30% DDGS, 70% PP

34.427436

5.026984

DDGS 16.2% protein, 40% DDGS, 60% PP

0.000000

0.000000

DDGS 15.6% protein, 10% DDGS, 90% PP

44.183962

2.497149

DDGS 15.6% protein, 20% DDGS, 80% PP

40.973793

3.152697

DDGS 15.6% protein, 30% DDGS, 70% PP

37.096953

3.705083

DDGS 15.6% protein, 40% DDGS, 60% PP

0.000000

0.000000
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APPENDIX B
CHAPTER III. LAB ANALYSIS OF SAMPLES TREATED WITH ETHANOL TO
EXTRACT OIL AND PROTEINS
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Table B.1

Tensile strength data from Instron machine for different samples
composition, for different procedure to rinse the corn fiber and samples
prepared passing once or twice by the extruder.
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Table B.1 (continued)
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Table B.1 (continued)
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Table B.1 (continued)
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APPENDIX C
CHAPTER VI. STATISTICAL ANALYSIS
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Table C.1

SAS data to obtain Anova.

DATA ANOVA TENSILE STRENGTH
data ts;
input y x1 x2 @@@;
cards;
25.40632
30
30
26.14685
30
30
25.46676
30
30
25.76669
30
30
25.23532
30
30
25.85221
30
30
25.41067
30
30
24.85271
40
20
24.22695
40
20
25.3715
40
20
25.98989
40
20
25.81661
40
20
25.0855
40
20
27.50095
40
20
25.02334
50
10
25.30304
50
10
26.42375
50
10
25.30152
50
10
25.36823
50
10
25.41495
50
10
25.18421
50
10
24.80921
60
0
25.617
60
0
25.58661
60
0
25.70861
60
0
25.15706
60
0
24.84767
60
0
25.70056
60
0
24.07073
0
60
23.82297
0
60
24.18325
0
60
24.87316
0
60
24.66281
0
60
24.26913
0
60
24.53382
0
60
24.71287
10
50
25.62114
10
50
25.27561
10
50
25.015
10
50
25.67487
10
50
25.3896
10
50
25.05644
10
50
24.28041
20
40
23.8547
20
40
24.86504
20
40
24.51621
20
40
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Table C.1 (continued)
25.60316
20
40
24.92575
20
40
24.3871
20
40
;
ods graphics on;
proc reg;
model y=x1;
model y=x2;
model y=x1 x2/ss1;
proc univariate data=ts normal;
run;
quit;
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Table C.2

Anova for tensile strength of composites with different percentage of two
fillers.
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